
Advancements in Electrospun Anode Materials | Encyclopedia.pub

https://encyclopedia.pub/entry/42773 1/17

Advancements in Electrospun Anode
Materials
Subjects: Electrochemistry | Materials Science, Ceramics

Contributor: Sri Harini Senthilkumar , Brindha Ramasubramanian , Rayavarapu Prasada Rao , Vijila Chellappan ,

Seeram Ramakrishna

Electronic devices commonly use rechargeable Li-ion batteries due to their potency, manufacturing effectiveness,

and affordability. Electrospinning technology offers nanofibers with improved mechanical strength, quick ion

transport, and ease of production, which makes it an attractive alternative to traditional methods. The

electrospinning technique can be used to generate nanofibers for battery separators, the electrodes with the

advent of flame-resistant core-shell nanofibers.  The anode is the negative electrode of the electrochemical cell.

There are three mechanisms of energy storage for the anode.

electrodes  separators  crosslinked nanofibers  needle-less

1. Anode Exhibiting Energy Storage by Insertion Mechanism

Graphite is the most commercially used anode for LIB batteries; however, for more advanced applications,

features, such as fast charging, are not achievable with the current graphite-based anode, and the cyclic stability

and coulombic efficiency must be increased to power large electrochemical energy storage stations. The graphite

materials’ inherent drawbacks are low theoretical capacity and Li dendrite formation caused by intercalation and

deintercalation through the inter basal plane in anisotropic graphite microstructure. To match the energy

requirement for greater energy storage systems, such as electric vehicles, the intrinsic capacity of the most used

anode; graphite (372 mAh/g) should be enhanced. There is always increasing research on graphite material to

improve the rate capability, specific capacity, cycle stability, and safety of graphite anodes. However, it is

challenging to improve the capacity since it is feasible by creating more space between the layers of graphite .

In the case of the materials exhibiting the insertion mechanism, the shortcoming of theoretical capacity can be

enhanced by providing additional room for the Li ions; this can be achieved by increasing the surface-to-volume of

the material by including carbon-based nanomaterials such as the carbon nanofiber (CNF) , carbon nanotube

(CNT) . In addition, if the Carbon material added is hollow or porous, it will lead to more Li-ion space, hence

leading to increased interaction between the electrode and the electrolyte. Recently, an anode exhibiting an

insertion mechanism was synthesized using precursors, such as polyacrylonitrile and preasphaltene; the use of

presashaltene is novel since it is obtained from coal liquefication residue (CLR), which is an economical and

sustainable source . This precursor was fabricated into a nanofiber non-woven fabric. It was noted that

electrospinning of non-woven fiber is the best method to utilize the CLR. Owing to the unique structure of the PA-
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based CF non-woven fabrics (PACF), which has a short diffusion path, disorder, and 3D interconnected conductive

structure.

Titanium oxide-based material is also worthy of anode material; TiO  and Li Ti O  are used as they have excellent

working potential and can suppress the SEI formation and the growth of lithium dendrites as well . The TiO  has a

great specific capacity, and the spinel oxide structure is a zero-strain material; thus, both have distinct properties

which are beneficial in its way. As such, excellent cycling stability and high-rate capability have been achieved with

the design of nanofiber electrodes , and full cells based on the nanofiber electrodes exhibited excellent

electrochemical properties. These TiO -based anode materials’ shortcomings on low kinetics are solved by

fabricating a one-dimensional nanofiber; this designed nanofiber structure through an electrospinning process

exhibits high-rate capability and cyclic stability due to the structure. Further, the electrical conductivity is improved

by forming a composite with the addition of conductive materials and through doping as well . Tantalum-doped

TiO  was fabricated by electrospinning . Tantalum is used as the dopant because it lowers the diffusion barrier,

improves electrical conductivity by shifting the conduction band, and enhances specific surface area by phase

transformation. Therefore, the Ta-doped TiO /C nanofibers exhibit good electrochemical performance when made

into an anode for LIB and KIB (Potassium Ion Batteries). The specific capacity of the constructed LIB with 5% rutile

Ta doping was measured to be 399 mAh g  at 2 A g .

2. Anode Exhibiting Energy Storage by Conversion
Mechanism

To further improve the capacity, anode material with greater storage capacity is explored, such as silicon, iron

oxide, tin peroxide, and cupric oxide. Transition metal oxides possess properties, such as high specific capacity,

inexpensiveness, and non-toxicity, which make them a potential candidate for the anode in LIB. These anodes

were initially fabricated via the solvothermal and hydrothermal methods techniques forming a 3-D structure, such

as core-shell nanospheres, which possess good thermodynamic stability, but pulverization of the active material

takes place during the lithiation and de-lithiation cycles, in order to overcome the shortcoming the recent

advancement focuses on fabricating a 1-Dimensional structure (Nanofiber, Nanorod, Nano Tubes); thus, the

diffusion length is shorter, and movement of Li ions and electrons occurs faster. A quasi-anisotropic nano

octahedron as well as nanofiber with nickel–cobalt–manganese oxide composite (NCM), which contains two

ternary phases, was fabricated by Ling et al. . To obtain the octahedron structure, the conductivity of the

precursor polymer solution is altered. The added Ni helps in the formation of crystalline structure, and the specific

capacity increases proportionally with the increase in the Ni Content. The methods and process parameters to

fabricate the nanofiber and the nano octahedral structure are similar; the precursor solution is also the same, but in

the case of nano octahedral structure, the metal salt precursors have smaller ion sizes than those of the acetate

molecules, which is preferred so that the conductivity is enhanced favoring the octahedral structure formation. The

nano-octahedron possesses better properties when compared to the nanofiber due to the synergistic effect.

A 1-Dimensional Transitional metal oxide along with a spinel phase was synthesized by Wang et al. , who

fabricated MnCo O  (theoretical capacity 906 mAh g ) hollow nanotubes where all the nanoparticles were well
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connected. This structure was responsible for the outstanding property of the material as it gave several active

sites accelerating the rate of transportation and breakage of active material is mitigated. Since the fabrication

technique is not tedious, this material finds application as an anode in LIB . For high-performance

lithium storage devices, ternary oxides are recommended as it has several electrochemically active components

and greater theoretical specific capacity. When the ternary nickel cobaltite was considered, the capacity faded due

to pulverization; thus, carbon materials are utilized as it resists the volume expansion and increases conductivity as

well. By electrospinning followed by annealing, novel porous NiCoO  nanofibers were fabricated by Wang et al. ,

and the rate of diffusion was fast as the lithium storage sites remained to expand after a continuous cyclic lithiation

and delithiation cycle. Thereby the self-assembled nanoparticle exhibited superior electrochemical performance

providing an excellent reversible lithium storage capacity (discharge capacity) .

3. Anode Exhibiting Energy Storage by Alloying Mechanism

High energy density battery is achieved by materials storing energy by alloying reaction of energy storage. The Li–

Sn alloying exhibits good electrochemical performance; thus, Sn was incorporated into carbon materials and

studied. However, the pulverization limits the application; thereby, voids were introduced in the electrospun fibers

by fabricating coaxial bamboo-like composite of Sn@C nanoparticles in hollow CNF , a porous multi-channeled

fiber with Sn nanoparticles reinforced by using single nozzle electrospinning, where PMMA poly(methyl

methacrylate) aids the pore formation . In another procedure, Poly Styrene was used to generate voids in the

porous CNF incorporated with rattle-like tin nanoparticles . Thus, through the electrospinning process, void

engineering is also feasible, thereby providing beneficial electrochemical properties.

The most researched material exhibiting alloying-type energy storage is silicon since it can be used commercially,

as it has an excellent specific capacity of (4212 mAh/g) and is economical as well. However, it suffers a volume

expansion of 400% during the lithiation and delithiation process, leading to the pulverization of the active material

. Thereby improvements are included in the electrospinning process; the pulverization can be tackled by using

(i) Si of nano dimension since the breakage is not expected to occur as the size of Si is already small, (ii) providing

voids that can accommodate the volume change by using porous or hollow structures, (iii) creation of void spaces

which can accommodate the volume change by carbon coating . The carbon coating will be able to enhance

the conductivity and block the direct contact of the electrolyte with the electrode. The schematic of techniques to

overcome pulverization is shown in Figure 1. The oxide of Silicon also can be used to tackle the volume

expansion, and it can maintain long-term stability because, during the alloying reaction, Li O and Li SiO  from the

SiO  phase are formed , which reduces the electrical conductivity and mobility of the Li-ion leading to loss of

irreversible capacity as well. When the mass ratio of the pore-forming element in the precursor solution is altered,

the pore structure present in the electro-spun nanofiber can be optimized; thus, Si nanoparticles embedded porous

CNF composite nanofiber was obtained, which exhibited superior performance owing to the porous structure. In a

work by Tian et al. , they optimized the pore-forming with Polyethylene glycol (PEG) since it influences the pore

formation. The cycling and rate capacities have significantly improved due to the formation of porous structures.
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Figure 1. Strategies to overcome the pulverization of active material.

Other anode materials, such as phosphorous and germanium, exhibit phenomenal theoretical capacities of 2595

mAh/g and 1626 mAh/g for Li P  and Li Ge  phases, respectively. Phosphides can store energy by a dual

electrochemical process when combined with metals, such as Sn, Sb, Bi, and Pb, out of which tin phosphides

exhibit a greater capacity; thus, by combining electrospinning and solid-state synthesis, nano metal phosphides

(SnP ) were combined with CNF to form a composite anode material . Phosphorous has gained attention

nowadays; apart from its high lithium storage capacity, it is available abundantly and can be recycled easily. There

are two allotropes of Phosphorus, namely, black and red. Red is utilized as an anode instead of black because

processing red needs a higher temperature.

4. Advanced Electro-Spun Anode Material

4.1. Composite

These materials with conversion-type storage mechanisms suffer greater volume change; thereby, the active

anode material is encapsulated in a carbon-based structure forming composites. These composites are of greater

interest as they have properties between the materials exhibiting the insertion and intercalation storage

mechanism, as shown in Figure 2. These composites are fabricated via the electrospinning technique, and various

structures can be achieved, which is advantageous for the performance as anode material. More active sites are

generated because of doping using heteroatoms, such as B, S, and N, which enhance the capacity of lithium

storage. Defects that cause the carbon structure to become disordered are incorporated, which makes this easier.

Carbon’s electrical structure is altered by doping, which increases the number of electrochemically active sites that

may be used to store lithium. Heteroatoms in CNF cause an expansion of interlayer distance, generating additional

active sites and improving electrical conductivity.
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Figure 2. Composite energy storage mechanism.

To demonstrate the utilization of transition metals as an anode, to circumvent the low columbic efficiency and

reversible capacity hindrance challenges presented by the N-doped carbon fiber alone, the author developed a

composite nanofiber of TiO @C/N , using a flexible film consisting of TiO  nanoparticles  that were

incorporated in nitrogen-doped carbon nanofiber. Even without the addition of a conductive binder or other

chemicals, the nanofiber developed serves as the anode of the battery. Both the fiber’s performance in the

electrochemical system and the nanofibers’ favorable shape for the purpose of electron conductivity have been

confirmed. The performance of the charge cycle and the discharge were consistently attributed to the substantial

lithium storage capacity of the electro-spun composite. The fibers also have a good rating capacity, and the

electrical impedance also diminishes as the number of cycles climbs .

Electrospinning and electro-spraying were combined to develop a composite made of carbon nanofibers, along

with carbon-coated SnO  clustering, and SnO  clusters adhered over the CNF  to achieve a stable hybrid

structure that boosts electron transfer and ionic diffusion. Lithium transport was, therefore, seen to be enhanced

when SnO  was coated outside, which boosted battery efficiency . A pseudo capacitor behavior is brought

in the LIB by the synergistic effect when SnO  (high theoretical capacity) and ZnO (high co-efficient of diffusion of

Li ion) composite is coated with Sn and N-doped CNF hybrid material. In the study by L. Shang et al. , the mass

ratio of SnO  and ZnO precursor varied as 1:1, 3:1, and 1:3, along with the reference where the single precursor

alone was only utilized. Among the different mass ratios, the material synthesized by equal proportions of both the

precursor [Sn (Ac)  for SnO  and Zn (Ac)  for ZnO] exhibited a comprehensive performance as LIB anode material.

The Li storage performance is attributed to the structure of the fiber, which also generates an efficient pathway of

transport for all electrolyte penetration, Li ions, and electrons as well. When nanoparticles of FeCo were added to

Nitrogen-doped CNF due to a synergistic effect, outstanding electrochemical properties were obtained . A
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reversible capacity of 566.5 mAh g  was recorded at the end of 100 cycles at a current density of 100 mA g .

These fibers could be used to produce batteries without the addition of any conducting or binding materials, and

when evenly scattered FeCo nanoparticles restrict volume change and increase structural stability throughout

charging and discharging cycles. The addition of FeCo increases the composite material’s Columbic efficiency

while simultaneously acting as a catalyst for Li O breakdown .

With the help of electrospinning and heat treatment, SnO /TiO  ultrafine particles with a molar ratio of 1.5:1 have

been combined with carbon nanofiber. Here, SnO  is used since it has a higher theoretical capacity and is easily

obtainable , and TiO  is used as it also provides greater electrochemical stability, and the significant volume

change that occurs during the reaction is shown to be diminished to a greater extent, improving overall

performance.

LIB is also used in wearable electronic devices; thus, it requires a flexible electrode that does not damage the

active material present when it is bent; thereby flexible electrodes which do not compromise the electrochemical

performance are areas of increasing demand; thus, a porous Sb S /TiO /C nanofiber membrane was fabricated

using a titanate coupling agent (titanium (IV) isopropoxide (TTIP)) as a precursor as it has the capacity to entangle

with the polymer and, thus, bridging between the polymer chose and transition metal ion, providing an improved

thermotolerant mechanical property . Antimony sulfide (Sb S ) was considered a potential material for the anode

due to its low cost, higher theoretical capacity, and environmental friendliness. Using electrospinning and

hydrothermal reaction to create a porous nanofiber membrane that was employed as a free-standing anode and

has good cyclic stability and better capacity as well, the porous structure forbids a greater volume expansion. The

fourfold folding of the fiber did not cause it to wrinkle, demonstrating mechanical flexibility .

In addition to the generally utilized methods, such as the restriction of particle size and dispersion of the active

material in a conductive matrix, L. Jiao demonstrated the benefit of the inclusion of an inactive component that can

attenuate the volume change. In his research, he employed Sn as the active substance and Co as the inactive

substance, and nitrogen, which were doped in CNF. Co was chosen among the available inactive materials, such

as Mn, Fe, Cu, Co, and Ni, to help maintain the electrode’s integrity during lithiation and de-lithiation. This metal

also raises the usage efficiency of Li ions, given that it is immobile and does not consume Li. Additionally, the

synergistic combination of N-doped CNF with the Co metal accelerates the rate of ionic diffusion and, as a result,

the electron transport since it is electrically conductive. The energy density of the LIB is boosted since neither a

binder nor a current collector is involved. The manufactured fiber with a diameter of 100 nm functioned well.

Metal and metal oxide are possible options to fulfill the growing need for LIB; nevertheless, even after frequent

cycles of lithiation and delithiation, these materials also fracture. J. Li et al. reported on the process of

manufacturing a free-standing and flexible membrane made of Sn@C  nanofiber because the carbon matrix is

one-dimensional and contains Sn nanoparticles that are enclosed inside the structure. This electro-spun structure

has an excessive current density of 10 A g  and a capacity of 668 mAh g  at 1 A g . The confinement brings

such extraordinary qualities. The energy density is enhanced by omitting binders or collectors, which may be made

without the need for additional slurry coating. The carbon coating can absorb a sizable volume change without
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causing the active material to be destroyed, which would otherwise result in fracture during the lithiation and

delithiation cycle. As a result, it provides the potential for LIB industry growth in the anode .

A nanostructured carbon-based anode material with red phosphorous was fabricated by Liberale et al. . This

structure helps to overcome the limitation of phosphorous (high volume expansion, low electronic conductivity) as

the C/P bonds allow to shorten Li  diffusion path and stabilize P during cycling . The amorphous composite

fabricated by electrospinning the CNF followed by drop casting the phosphorus to obtain uniform dispersion

possessed excellent electrochemical properties as well .

4.2. MOF Derived

To overcome the volume change, a new material was introduced, namely, MOF-derived metal oxides . These

materials have the capacity to adjust to the volume change; thus, it overcomes the existing issue faced by all

materials discussed earlier . Apart from volume change, the MOF–derived material has more structural

stability and improved electrochemical performance as this porous metal oxide decreases the diffusion pathway

and provides more active sites. The distinctive structure and morphology contribute to the outstanding

electrochemical performance because the MOF precursor, during the peroxidation and pyrolysis process, forms

more Li-ion reservoirs as nitrogen-doped or carbon-coated metal oxide is generated during the fabrication process.

Z. Li et al. fabricated Fe O @ Polyacrylonitrile (PAN) and ZnO@PAN  composite nanofibers using an

electrospinning technique followed by subsequent pyrolysis of the precursor film, they exhibited a specific capacity

of 1571.4 and 1053.8 mAh g  at 50 mA g , respectively, and the reversible capacity of the respective composites

after 500 cycles at 1000 mA g  were 506.6 and 455.4 mAh g , which is primarily due to the interconnection of the

CNF with the metal oxides . Carbon nanofibers embedded with cobalt were fabricated by Y. Liang et al.  via

pyrolysis of electro-spun fiber in a nitrogen atmosphere. This spindle-shaped nanofiber formed after mild oxidation

exhibited superior properties due to the synergistic effect between the carbon shells and the Co present. This

Co O @CNFs anode discharge specific capacity of 1404 mAh g  and 500 mAh g  after 100 cycles and 100 mA

g  current density and after 500 cycles at 2000 mA g .

Although the 2D nanofiber sheets do not share the mechanical and thermal conductivity shortcomings of the

electro-spun 1D nanofibers, they certainly possess their own downsides. As a result, a hybrid structure, as shown

in Figure 3, with both 1D and 2D nanomaterials, was created, and the synergistic engineering was able to offer

remarkable electrochemical capabilities. Electrospinning may be used gradually to create a hybrid structure,

offering a new development path. The hybrid structure is also made by techniques such as physical blending or in

situ growth . A consolidated summary of the advanced electrospun anode materials is provided in Table 1.
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Figure 2. Hybrid Nanocomposites exhibiting outstanding properties brought by Synergistic engineering (reused

with copyrights from Ref.  2020, Elsevier).

Table 1. Electrochemical properties of advanced anode material.

[62]

Material Specific
Capacity

Nanofiber
Diameter

(nm)

Coulombic
Efficiency

Discharge
Capacity Reference

TiO @C/N composite NF
388 mAh g

after 400 cycles.
800  

563 mAh g  at
0.1 A g

Carbon-coated
SnO @carbon nanofibers

500 mAh g
after 50 cycles

400 63.24%.
1425 mAh g
at 100 mA g

Sn particle-coated composite
of SnO /ZnO and N-doped

CNF
1131 mAh/g 350

73.2% at
0.5 A/g

588.7 mAh/g
after 100 cycles

at 0.5 A/g
(Reversible
capacity)

Nitrogen-doped carbon
coated MnO nano peapods

775.4 mAh g
at 100 mA g

125  

rate capacity of
559.7 mAh g
at 1000 mA g

s

FeCo nanoparticles
encapsulated in N-doped

566.5 mAh g
at 100 mA hg

130 99.6%  
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4.3. Eco-Friendly, Bio-Derived Nanofibers

The future aims to make this electrospinning a much more sustainable process, which can be achieved by the

following: (i) making the electrospinning process environmentally friendly by eliminating the possibility of any

hazards, such as adopting needless electrospinning techniques, optimizing the process by making it energy-

efficient by powering the equipment with rechargeable batteries, which can also be reused to harness its

secondary lifetime; (ii) using precursors, which can be replaced with alternative nontoxic chemicals, precursors

derived from biomass. The carbon, which is used widely for the electrode, can be derived from bio sources ,

such as coffee ground waste , shrimp waste , marine chitin , and cellulose .

The electrode is a crucial part that significantly affects the LIB’s overall performance. Conventional graphite

electrodes contain volatile N-methyl-pyrrolidone (NMP), which is employed as a solvent, and poisonous

polyvinylidene fluoride (PVDF), which serves as a binder. As a result, K. Xu et al. created a unique energy storage

technique employing an affordable, eco-friendly carbon electrode material that also has high electrochemical

Material Specific
Capacity

Nanofiber
Diameter

(nm)

Coulombic
Efficiency

Discharge
Capacity Reference

carbon nanofibers after 100 cycles.
(Reversible
Capacity)

Ultra-fine SnO /TiO  particles
into carbon nanofibers

766.1 mAh/g. 600
71%, and
after 200

cycles

1494.8 mAh/g
Charge-1061.2

mAh/g,

Sb S /TiO2/C nanofiber      
261.6 mAh g ,
100 cycles, 50

mA g .
 

Co/Co SnC @N-CNFs

320 mAh g  at
500 mA g

even after 900
cycles.

       

Red Phosphorous decorated
carbon anode.

       

MOF derived

Fe O @ Polyacrylonitrile
(PAN)

1571.4 mAh g      

ZnO@PAN composite
nanofibers

1053.8 mAh g        

Co O @CNFs
1404 mAh g

(100 cycles and
100 mA g )

100    

Bio-nitrogen (N)-doped
composite carbon

nanocomposites mat using
chitosan and natural

cellulose

327 mAh g  at
100 mA g

316    

2 2 [42]
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properties. They developed a bio-nitrogen (N)-doped composite carbon nanocomposite mat using chitosan and

natural cellulose . The chitosan-based mat was first manufactured via the pyrolysis method, but because of its

poor porosity and resolvability, additional fabrication techniques, such as hydrothermal carbonization and direct

carbonization, were also employed. Later, with cellulose and chitosan mass ratios of 10:0, 7:3, 5:5, 3:7, and 0:10,

the electrospinning technique was used in the single and coaxial nozzle to prepare a porous carbon with good

specific surface area and interconnectivity. Better performance was recorded in a mass ratio of 5:5, which exhibited

a high specific capacity of 327 mAh g  at 100 mA g , good rate performance with a specific capacity of 399 mAh

g  at 30 mA g , and 210 mA g  at 1000 mA g ; the stability after 300 cycles was also commendable .

The electrospinning process can be made more energy-efficient by adopting the following strategies: (i) use of

direct-current electrospinning instead of traditional high voltage electrospinning as a comparatively lesser voltage is

used making the process energy efficient ; (ii) powering the electrospinning equipment using renewable

energy resources, such as solar panels and wind turbines, which can reduce the carbon footprint of the

electrospinning process ; (iii) usage of renewable or biodegradable materials to prepare the fibers as these

materials can be broken down in the environment, reducing the amount of energy needed for disposal ; (iv) to

achieve appropriate end-of-life disposal of the electrospun fibers by recycling or composting the fibers as it can

reduce the amount of energy required for disposal; (v) reusing the syringe after flushing the polymer melt left after

processing using the appropriate solvent ; (vi) optimize the process by reducing the waste generated or

recycling excess material that is not used in the fiber-formation process .
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